ABSTRACT: The extraordinary properties of graphene have spurred huge interest in the experimental realization of a two-dimensional honeycomb lattice of silicon, namely, silicene. However, its synthesis on supporting substrates remains a challenging issue. Recently, strong doubts against the possibility of synthesizing silicene on metallic substrates have been brought forward because of the non-negligible interaction between silicon and metal atoms. To solve the growth problems, we directly deposited silicon on a chemically inert graphite substrate at room temperature. Based on atomic force microscopy, scanning tunneling microscopy, and ab initio molecular dynamics simulations, we reveal the growth of silicon nanosheets where the substrate− silicon interaction is minimized. Scanning tunneling microscopy measurements clearly display the atomically resolved unit cell and the small buckling of the silicene honeycomb structure. Similar to the carbon atoms in graphene, each of the silicon atoms has three nearest and six second nearest neighbors, thus demonstrating its dominant sp 2 configuration. Our scanning tunneling spectroscopy investigations confirm the metallic character of the deposited silicene, in excellent agreement with our band structure calculations that also exhibit the presence of a Dirac cone.
S
ilicon-based approaches have attracted enormous attention since the first steps of nanotechnology have become a reality. 1 The fruitful results obtained for graphene 2, 3 gave new momentum to the research in two-dimensional (2D) materials. 4, 5 Recently, silicon in a 2D configuration, called "silicene", has received great interest due to its compatibility with existing semiconductor technologies. Silicene consists of a honeycomb lattice of atoms akin to those in graphene. The main difference, however, resides in its structural arrangement since silicene is not atomically flat like graphene, but it shows a buckled configuration with a low, although sizable, wrinkling of the surface. 6−8 Silicene may possess unique properties which provide rich opportunities for further engineering; 9 for instance, an applied external electric field 10, 11 or interface interactions 12, 13 can modify its band structure, as shown in a recent proof-of-concept silicene field-effect transistor. 14 Silicon crystallizes in a diamond cubic crystal structure and does not naturally form any 2D structures as carbon does in the form of graphite. 15 Therefore, considerable research efforts have been reported for the synthesis of silicene on substrates such as silver 16−22 and others 23, 24 that can act as a template for its formation. In spite of the large number of experimental results reported, the epitaxial growth of silicene on silver has been recently questioned. 25−27 It was observed that Si atoms strongly interact with the Ag substrate and penetrate into the first layer of the silver surface, expelling Ag atoms and inducing reconstructions, faceting, or growing reconstructed islands inside the first layer rather than remaining on top of the substrate. This drawback can be ascribed to the significant p−d hybridization occurring between the electronic states of the silicon layer and those of silver. 28 Furthermore, the structural nature of silicene multilayers grown on Ag has also been severely questioned. It was revealed that the reported (√3 × √3)R30°surface reconstruction may actually be traced back to a layer of silver atoms rising to the surface and not to pristine Si. 29 These observations imply that the growth dynamics of an ultrathin silicon layer on any metal substrate is extremely complicated and does not necessarily result into genuine silicene. 30 In view of a viable solution to the above-mentioned issues associated with metallic substrates, it has been shown by firstprinciples calculations that a silicene sheet remains stable on different inert and nonmetallic substrates. 31−33 Here, following the same idea, we use a highly oriented pyrolytic graphite (HOPG) substrate that, due to its sp 2 configuration, approximates well the electronic and structural properties of a fully honeycombed structure and provides chemical inertness. Hence, we show that the deposition of silicon atoms produces well-defined discrete areas on the HOPG substrate with a honeycomb structure with a lattice parameter of about 0.4 nm, which is expected to be typical for genuine free-standing silicene layer, with negligible interaction with the supporting substrate. Similar to the C atoms in graphene, each of those Si atoms only has three nearest neighbor atoms for a true silicene arrangement.
We have performed a combined experimental and theoretical study providing strong evidence that 2D alloy-free silicene can be grown on top of HOPG. X-ray photoemission spectroscopy (XPS) helps to investigate the composition of the grown silicon layer on a large scale, while atomic force microscopy (AFM) gives evidence for the formation of large nanosheets and small Si 3D clusters on the substrate. Scanning tunneling microscopy (STM) measurements show our silicene unit cell and reveal the small buckling. Our density functional theory (DFT) calculations nicely agree with the structural results obtained experimentally. Moreover, scanning tunneling spectroscopy (STS) shows the metallic character of the silicene areas. Finally, ab initio molecular dynamics (AIMD) simulations explore the thermal stability of the bidimensional structure at two different temperatures (room temperature (RT) and 350°C) and investigate the growth mechanism of silicene on the graphite substrate. Figure 1a shows the behavior of the Si 2p and Si 2s XPS core levels obtained after deposition of one monolayer (ML) of silicon at RT (see Methods). We note that both Si peaks are highly symmetric and do not show any additional components due to oxidation processes (located between 101 and 103.5 eV) or due to carburization reactions with the substrate to form Si (1−x) C (x) compounds. 34, 35 This ensures the low reactivity of the Si deposition at RT with the graphite underneath. The AFM image of the HOPG sample in Figure 1b shows a perfectly flat and clean bare surface with well-resolved monatomic steps. Figure 1c ,d (as an enlarged view of Figure  1c) shows the AFM images collected on the same substrate after 1 ML deposition of Si maintaining the substrate at RT. As reported in Figure 1d , the silicene ultrathin film appears organized in a quasi-continuous layer with large patchworks (clearest regions indicated by light blue arrows) extending over tens of nanometers but not completely covering the HOPG substrate (darkest zones as indicated by white arrows) probably because of the large mismatch between the silicon and graphite lattices. In these conditions, we estimate that the percentage of coverage of HOPG is about 80%. Naturally, we cannot exclude the formation of a silicon oxide layer, although a low reactivity of the silicene surface with O 2 has been recently reported. 36 Moreover, we note from the AFM image that the silicene areas are flat surfaces (with a roughness of 0.1−0.2 nm measured by the line profile of the clearest zones of Figure 1d ). The white spots are due to the formation of small Si clusters (1 nm high) which decorate the HOPG monatomic steps, as indicated in (c) by white arrows. Figure 2a ,b shows typical STM images obtained after one ML deposition of silicon on HOPG kept at RT (see Methods).
RESULTS AND DISCUSSION
We observe the formation of some small Si islands (very bright regions) rising above flatter zones. These flatter areas appear like a patchwork of hexagonal patterned regions with different lattice spacing. Their extension and size prevent their interpretation in terms of Moiréinterference or other artifacts induced on the HOPG surface by the silicon deposition. White circles in Figure 2a evidence the areas with wider lattice spacing, while in the top-left corner, a hexagonal region with a lower lattice spacing is clearly visible. In Figure 2c ,d, we report the bidimensional Fourier transform of the two STM images. Both of them confirm the STM image texture observation, exhibiting the presence of two hexagonal arrangements rotated by 30°with respect to another. The external observed spots correspond to four {10} and two {−11} spots of HOPG. Indeed, since the distance d 10 (or equivalently d −11 ) is equal to 3 2 a, where a is the hexagonal lattice parameter, by measuring the distance between the spots and the center, we obtained a value of a = 0.24 ± 0.01 nm that corresponds well to the lattice constant of carbon atoms arranged in a hexagonal pattern for a bare HOPG surface. The inner spots correspond to the atoms arranged with a wider lattice parameter. The ratio between a couple of outer and inner spots is 1.71 ± 0.01, which is a factor of √3 of the HOPG hexagonal lattice parameter and Figure 1c -SI). For HOPG, this is due to the characteristic alternation between filled and empty p z orbitals normal to the surface, while for the Si adlayer, all Si atoms can be simultaneously observed but at different heights, suggesting that the adlayer is not completely flat as for HOPG and presents a small buckling. In Figure 3a , we show the enlarged image of the central part of Figure 2b , highlighting the honeycomb lattice of the Si adlayer in the region between two clusters. A ball-and-stick model representing the Si atom arrangement, with higher atoms in blue and lower ones in red, clearly shows a rotation of the lattice structure of the Si adlayer with respect to that of graphite. The experimental height of the Si honeycomb regions above the HOPG (indicated by a red arrow on the line profile shown in Figure 3b ) is perfectly comparable with that obtained with our ab initio calculations (see below). Moreover, following the horizontal line profile drawn in Figure 3a , we identify the presence of the buckling of the silicon nearest neighbors, which results in about 0.05 ± 0.01 nm. This accounts well for the theoretical model of silicene in the low buckling configuration (as discussed below) and reported in literature for the free-standing silicene 6 and for silicene on graphene. 33 Besides the well-known growth of Si clusters 37 on HOPG and on epitaxial graphene on 6H-SiC(0001), 38 an observation of genuine silicene regions has been reported in the present study. The most striking difference with the existing literature on silicene growth on metallic substrates is the absence of any atomic surface reconstruction and/or superstructure. 16, 29 In Figure 4 , we show the current versus voltage (I−V) curve obtained on the silicon honeycomb region. The experimental curve in Figure 4a is an average of many acquisitions, where several currents and distances from the tip and the sample were used to discriminate the behavior of the silicene patches from the metallic character of the HOPG. It can be noticed that the silicene region reveals a metallic behavior. Figure 4b reports the normalized conductance that can be related to the local density of states (LDOS), and it reveals a finite density at E F . We observe a minimum zone of states close to the Fermi level, which can be associated with the gap opening at the Γ point for silicene and at the K point for HOPG of the silicene/HOPG system. This result nicely agrees with the computed LDOS from the energy band structure (as discussed in the theoretical section) and reported in the same figure as a red dotted line.
Finally, we would like to point out an inherent problem with our recording of the STM images: at present, we have to operate our STM at room temperature. From our AIMD simulations (see below), we know that silicene atoms that are bonded with van der Waals forces to the HOPG substrate experience much larger displacements around their equilibrium position than silicon atoms that are bonded covalently to a silver substrate. In order to achieve the same image quality as those previously published on silver, we estimate that we have to cool our samples to about liquid nitrogen temperatures to reduce the large root-mean-square displacement.
First-principle calculations were performed in the framework of DFT (see Methods) to address the geometry and structural stability of a silicene monolayer on a HOPG surface. The above STM images have shown different rotation angles between the silicene and graphite lattices. Due to the weak van der Waals forces holding the silicene to the graphite surface, one can actually imagine that the silicene layer is "floating" quite freely on top of the HOPG surface and, therefore, can assume different configurations for different silicene areas even on the same sample.
The calculations for the relaxed silicene on a graphite structure with 30°rotation angle between the two hexagonal patterns, depicted in Figure 5a , yields a 0.051 nm buckling of the silicene layer, and its distance to the top layer of the graphite surface is 0.333 nm. The silicene bond length is 0.225 nm, and its bond angle is around 114°. The lattice parameters of silicene and graphite are 0.379 and 0.246 nm, respectively, in excellent agreement with our STM measurements obtained for RT deposition. Figure 5b shows the calculated band structure of silicene on HOPG for a silicene area with about 10°rotation angle between the two hexagonal patterns in the M−K, K−Γ, and Γ− M directions, revealing one Dirac cone at the Γ point belonging to silicene. We stress that in the free-standing case, the Dirac cone of silicene is at the K point as well as the Dirac cone of bare graphene. 6 When the silicene−graphene system is built, the Brillouin zones of both graphene and silicene are rotated with respect to the other. Hence, the K point of silicene falls onto the Γ point of the Brillouin zone of the silicene−graphene system. Our band structure is quite similar to the band structure of silicene on graphene, as calculated by Cai et al.
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The latter also showed that the p z states of Si are responsible for the π bonds in the vicinity of the Fermi level and that the Dirac cone of silicene is mapped to Γ while the Dirac point of graphene stays at the K point. Furthermore, the calculated Dirac cone of silicene on HOPG is somewhat shifted above the Fermi energy, which can be attributed to a slight charge transfer between silicene and its substrate. Free-standing silicene is predicted to have a band gap of 1.55 meV. 39 When silicene is formed on graphite, we find that this gap increases to about 37 meV; that is, it is quite comparable to the silicene band gap on graphene of 57 meV. 33 Consequently, we can conclude that increasing the number of graphene layers in our graphite surface model would not affect the band gap in the silicene sheet and that the small interaction occurs only between the silicene sheet and the top graphite layer. This energy gap is induced by the substrate, which partially breaks the sublattice symmetry of silicene due to the inhomogeneous van der Waals interaction. The band structure of silicene on HOPG with a 30°r otation angle between the two hexagonal patterns in Figure 5c shows the Dirac cone of silicene at the Γ point, slightly shifted above the Fermi level with a band gap of about 48 meV.
To demonstrate the stability of the honeycomb structure for the silicene on HOPG structure, we have performed AIMD simulations. A (2 × 2) supercell model of a silicene monolayer on HOPG was at first fully optimized with standard ab initio methods. Then, we carried out our AIMD simulations at RT and at 350°C for more than 3 ps. Our simulations reveal that the silicene layer remains stable even at temperatures well above RT (see Figure 5d ,e). While the in-plane hexagonal lattice structure of silicene is preserved for both temperatures, we find that the buckling of the silicene sheet slightly increases with temperature. To investigate the stability of silicene at elevated temperature for some time in experiments, we carried out AIMD simulations. Here, we would like to point out that the time scale in the AIMD simulation method is on the order of picoseconds, which is too short compared to the time scale in experiments; therefore, we have chosen to study the stability of the system at extremely high temperatures. To this end, we heated the silicene on the graphite system from 25 to 725°C during 5.6 ps, and then we applied a thermostat to keep the temperature of the system stable around 725°C for 4.58 ps. We noticed that the silicene structure did not break apart and convert to a 3D structure, but Si atoms remained intact in the honeycomb lattice. The relatively high stability at this extreme temperature suggests that our system should remain stable over relatively long times at less elevated temperatures.
The thermal stability of the silicene monolayer even above RT underlines the essential contribution of the van der Waals forces binding the silicon atoms in a honeycomb pattern to the graphite surface. From our simulations of a perfect silicene sheet on top of HOPG, we did not perceive any 3D silicon cluster formation even at 350°C. Therefore, we will take a closer look at the details of the growth dynamics below. At this point, however, we can already conclude that a perfect silicene sheet remains stable at such a high temperature of the substrate, supporting the STM measurements where silicene zones were observed in many regions. In order to go deeper in the atomic-scale view of the growth process of the silicene layer on HOPG, we have carried out AIMD simulations under realistic experimental conditions (see Methods). In Figure 6 , we present the general trends observed during the growth. The initial structure consists of a 0.75 ML of Si atoms, that is, 18 Si atoms, randomly distributed at about 0.35 nm above the graphite surface with relatively large lateral distances between them, such that the initial interaction between those Si atoms before moving was negligible, as depicted in Figure 5a . Following the trajectories for 900 molecular dynamics (MD) steps (0.9 ps evolution time), we can notice from Figure 5b how Si atoms bind together in a long chain (black ellipse), while other Si atoms move closer to each other to form the first hexagon (red circle). After 1 ps of system evolution from the starting configuration, three Si atoms are added on the bare regions of the graphite surface to have a 0.88 ML coverage. We notice that two hexagons are formed (red circles) along with small polygonal rings after 900 MD steps (Figure 5c ). After another 1 ps, three more Si atoms are added to get a 0.96 ML coverage. Figure 5d is a snapshot of the structure resulting from its self-organization after about 1300 MD steps. Nearly all Si atoms in the system now bind in a hexagonal network with one large polygon (black ellipse).
Finally, after around 1.4 ps of system evolution, one more Si atom is added in a random location to reach a full coverage (1 ML). Figure 5e is a snapshot of the system trajectory after an additional 633 MD steps showing the honeycomb network of the silicene monolayer with only little defects. The formed silicene sheet lies about 0.4 nm above the HOPG surface, which agrees very well with our STM measurements.
Two different growth mechanisms are unveiled in the AIMD simulations: a two-dimensional one where a silicene sheet was observed and a three-dimensional one where 3D silicon islands were formed. We can explain these growth mechanisms as follows: the lower the temperature of the graphite surface, the more perfectly a 2D plane based on van der Waals forces is defined. If the temperature gets so high that the out-of-plane vibrational amplitude of the carbon atoms gets anywhere close to half of the Si−Si interatomic distance, the van der Waals potential will no longer define a plane, but rather a volume, favoring the onset for the formation of 3D Si clusters. To confirm this hypothesis, we checked the maximum vibrational amplitude of carbon atoms in the top layer of the graphite substrate and found it to be around 0.04 and 0.10 nm for RT and 350°C, respectively. Consequently, we propose tentatively that perfect 2D silicene layers cannot be created on HOPG at substrate temperatures exceeding well above 350°C. Moreover, we have carried AIMD simulations at lower temperatures. Here, we found that by decreasing the temperature, even down to −225°C, we obtain a spontaneous organization of silicon atoms above the HOPG surface. However, for all temperatures below RT, the formation of hexagons was accompanied by other polygons such as pentagons and heptagons. Therefore, we suggest tentatively that a temperature of 25°C presents the low-temperature limit for the formation of a default-free honeycomb structure.
Interestingly, we have observed at an atomistic scale how Si hexagons spontaneously form on top of the HOPG substrate at RT. This growth mechanism only becomes possible due to the van der Waals interactions between silicon and carbon atoms which are strong enough to define a flat growth plane necessary for the silicene sheet formation but weak enough to leave the silicene properties largely unchanged from the free-standing silicene case; that is, in the present system, one can create a stable silicene monolayer without any covalent bonds to its supporting substrate underneath.
CONCLUSIONS
Several silicene areas with a structure very similar to that of graphene have been obtained by the deposition of one monolayer of silicon on an inert HOPG substrate at RT and under ultrahigh vacuum (UHV) conditions. AFM images support the formation of a quasi-continuous 2D silicon layer leaving some areas of HOPG uncovered together with the formation of small 3D Si clusters. STM data support the existence of a two-dimensional graphene-like structure with a very small buckling (0.05 nm) of the silicon nearest neighbors. The atomic resolution images obtained by STM do not show any surface reconstruction, as found when silicene is deposited on metal surfaces, suggesting a negligible electronic interaction/ hybridization with the substrate underneath. This observation suggests that a growth mode with a full release of strain occurs.
AIMD simulations predict the thermal stability of a perfect silicene monolayer on a HOPG surface at RT and 350°C, highlighting the essential role of van der Waals forces bonding silicene to the surface. Simulations of the growth mechanism of the silicene sheet on HOPG at RT show how silicon hexagons spontaneously form and remain at a vertical distance corresponding to the van der Waals distance above the surface.
HOPG is a good candidate to form silicene layers with remarkable electronic properties very different from any other known silicon-based nanostructures. The growth of silicene on a nonmetallic and inert substrate is an important step toward the realization of alloy-free silicene layers with properties that approach the ones of free-standing silicene. In comparison to graphene, silicene offers the prospect of full compatibility with existing silicon technologies. We believe that we succeeded in observing these small, but true silicene areas because of a rather slow deposition rate of silicon, and we are confident that in the future by using more sophisticated growth methods (as molecular beam epitaxy) larger silicene areas can be obtained. Only in the case of continuous silicene layer formation, we will be able to detach and transfer this ultrathin film on a device as already done for silicene grown on Ag(111).
14 In future works, the ideal deposition temperature has, for instance, to be determined more carefully: hot enough to overcome all energy barriers to silicene growth but low enough to avoid 3D cluster formation. Optimized experimental deposition conditions will favor the extent of the pure silicene domains, eventually pushing them to the size limits imposed by the terrace size of the graphite substrate possibly making the use of graphene instead of HOPG necessary for extremely large silicene layers. The ultimate silicene/graphene heterostructure can then be lifted off from the underlying substrate and deposited on SiO 2 as already reported in the literature. The silicene/graphene/ SiO 2 system can then be integrated in functional devices. Such systems can be grown on a very large scale corresponding to the requirements of the electronic industry. Besides this immediate compatibility with powerful silicon technologies and the absence of any alloying problems, the silicene on graphite system presents a much less expensive solution than strategies based on silver substrates. Therefore, the present research is in the forefront of 2D materials with revolutionary future applications for nanotechnological and optoelectronic devices as, for example, ultra-high-speed electronic devices, high-efficiency photovoltaic solar cells, and white-light-emitting diodes. 40 
METHODS
Experimental. A HOPG (from GE Advanced Ceramics, USA, 12 mm × 12 mm × 1 mm) sample was used as a substrate. A fresh surface of graphite was obtained by peeling the HOPG substrate with scotch tape in a nitrogen atmosphere and was then transferred into a UHV chamber.
High-purity silicon (Sil'tronix ST, ρ = 1−10 Ω·cm) was evaporated from a tungsten basket-shaped crucible located at 200 mm from the substrate. The deposition was done in UHV conditions (base pressure low 10 −10 Torr) and at a constant rate of 0.01 nm/min (0.04 ML/ min) monitored by an Inficon quartz balance (properly calibrated for the Si density and carefully positioned close to the sample holder). Deposition was carried out keeping the substrate at RT. Because of the peculiar nature of the HOPG substrate, which is formed by large and highly flat single crystals disoriented in the basal plane, with respect to the other around the (0001) growth axis, it was not possible to perform reliable low-energy electron diffraction investigations. The diffraction pattern, in fact, has formed by a series of continuous circles with some spots revealing the crystalline structure of each graphite crystal.
Samples were studied in situ at RT by XPS, STM, and STS. C 1s and Si 2p and Si 2s XPS photoemission spectra were measured in situ using a non-monochromatic Al Kα radiation (1486.6 eV) and a double-pass CMA operating in retarding mode. The energy scale was calibrated with reference to the binding energy of the Si 2p 3/2 peak from a clean Si(100) 2 × 1 reconstructed sample and measured to be 99.5 ± 0.9 eV with respect to the Fermi level. STM imaging was performed using an Omicron-STM system with electrochemically etched tungsten tips. The STM was calibrated by acquiring atomically resolved images of the bare HOPG. All images were acquired in the constant mode and were unfiltered apart from the rigid plane subtraction. The STS measurements helped us to investigate the local electron density of states near the Fermi level. During the acquisition, the tunneling current was registered as a function of the applied bias (I vs V), the feedback loop was disabled, and the set-point current, which regulates the tip−sample distance, remained unchanged during the voltage scan. Current−voltage curves were collected over grids of points equally spaced on the scanned sample area, and the I−V spectra were averaged over a set of several curves. AFM measurements were performed in air, on the same sample used for STM measurements, with a XE-100 of PSIA apparatus with sharp silicon tips from advanced scanning probe microscopy.
Calculations. Ab initio calculations were performed by using DFT within the generalized gradient approximation including van der Waals corrections as implemented in the Vienna ab initio simulation package (VASP). 41, 42 The Perdew−Burke−Ernzerhof 43 with van der Waals-D2 functional 44 was used to describe the exchange-correlation interaction. The core electrons were described by the projector-augmented wave method. 45 The plane-wave basis set was restricted to a cutoff energy of 400 eV. The HOPG surface was modeled by a four-layer slab in an ABAB stacking of graphene within periodic boundary conditions, keeping the bottom two layers fixed. The vacuum region is as thick as 2.0 nm. The entire system, silicene on top of graphite, was fully relaxed by a conjugate gradient method until the forces acting on each atom were less than 0.1 eV/nm. The convergence criterion of total energy for self-consistent field calculations was chosen to be 10 −4 eV. We have used 3 × 3 × 1, 9 × 9 × 1, and 11 × 11 × 1 k-point meshes including the Γ point in order to sample the supercells with 30, 10, and 20°r otation angles between the two hexagonal patterns, respectively. Ab initio molecular dynamics simulations within the NVT ensemble, 46 using the Nose-Hoover thermostat 47 for temperature control, were performed using VASP. In order to assess the thermal stability of the silicene sheet, a larger model of the silicene on graphite system was constructed. Notably, a (2 × 2) supercell (i.e., 2 times the length of the optimized silicene on the graphite system, with 10°rotation angle between the two hexagonal patterns in both x-and y-directions) with dimensions of 1.3 nm × 1.3 nm was exploited. A similar graphite model with the same dimensions was used to study the growth mechanism of a silicene sheet. The time step for all AIMD simulations was 1.0 fs.
A four-layer slab, with 56 carbon atoms per layer, modeled the graphite surface. In the experiments, Si atoms were evaporated at an extremely small deposition rate (0.01 nm/min); that is, a deposited Si atom will have lost all of its initial impact information a long time before the next Si atom will arrive. Consequently, we have started the simulation of the growth mechanism with Si atoms randomly positioned on top of the graphite surface and not by explicitly simulating the deposition process atom by atom. It is necessary to introduce such a model because it is impossible to follow the growth with AIMD methods on a time scale of several minutes. To comply with the experimental conditions, we have started the simulations with a coverage of Si atoms above the graphite surface, which was less than 1 ML, followed the system evolution at RT, and then added Si atoms successively until we reached a 1 ML coverage as in the experiment.
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